Background: G protein-coupled receptor functions are regulated by phosphorylation. Results: Mass spectrometry was used to map the phosphorylation sites of the NPFF 2 neuropeptide FF receptor, and site-directed mutagenesis permitted the identification of their role in receptor regulation. Conclusion: Sites involved in desensitization and internalization do not fully overlap. Significance: This is the first mapping of NPFF 2 receptor phosphorylation.
mediates the effects of several RFamide neuropeptides produced from two precursors called proNPFF A and proNPFF B (3). The NPFF system is involved in a variety of physiological processes affecting cardiovascular function and pain perception, among other processes (4) . One of its main pharmacological interests resides in its ability to regulate endogenous opioid systems, making it a potential target to reduce the negative effects of chronic opioid use (5) (6) (7) . Indeed, the NPFF receptor antagonist RF9 has been shown to prevent the development of tolerance and hyperalgesia induced by chronic heroin treatment in rats (8) , as well as morphine tolerance and physical dependence in mice (9) . The signaling properties of the NPFF 2 receptor have been studied in several cellular models. The receptor was demonstrated to couple to G i/o heterotrimeric proteins to inhibit adenylyl cyclase (10) and N-type voltagegated calcium channels (11) and activate G protein-regulated inwardly rectifying potassium channels (12) , as well as a putative delayed rectifier K ϩ channel (13) . It was also shown to activate MAPK pathways (14) . However, the mechanisms regulating NPFF 2 receptor signaling and trafficking have not been studied in detail.
Phosphorylation of intracellular residues is the most extensively studied post-translational modification regulating GPCR activity. After agonist binding, homologous phosphorylation of activated GPCR, mediated by kinases belonging to the GPCR kinase family (GRK), results in G protein uncoupling, the first step of receptor desensitization (15, 16) . Recent evidence suggests that GRK could also be involved in heterologous phosphorylation (meaning, upon activation of another GPCR) and desensitization (17, 18) . Second messenger-dependent kinases such as PKA or PKC can also promote desensitization (15, 16) . Phosphorylation of activated receptors then triggers the recruitment of ␤-arrestin1 and/or arrestin2 proteins (also called arrestin2 and arrestin3, respectively) (19) , which contributes to G protein uncoupling and clathrin-coated pit-mediated receptor internalization but can also elicit G protein-independent signaling (20) . In recent years, it has appeared that phosphorylation was not a simple on/off switch for GPCR activity but that, depending on ligand or cell type, various patterns of receptor phosphorylation, sometimes referred to as barcoding, could regulate receptor function in different ways (21) (22) (23) (24) .
From a fundamental point of view, it is thus important to map the phosphorylation pattern of GPCR and to characterize the specific contribution of each phosphorylated site to the regulation of receptor activity (25, 26) . Agonist-dependent phosphorylation sites can also be targeted to generate phospho-specific antibodies useful to study receptor activation in vivo (27) . In the case of rodent NPFF receptors such tools are lacking and could be very helpful for understanding physiological activation of these receptors. However, to date, the potential phosphorylation sites of NPFF 2 receptors have never been studied. Depending on the species, 20 or more Ser, Thr, or Tyr candidates are present in the intracellular domain of the receptor (Fig. 1 ). Because of this potential complexity, we first undertook a mass spectrometry approach to map phosphorylated residues in the human and rat NPFF 2 receptors in a SH-SY5Y neuroblastoma cellular model (18) . Site-directed mutagenesis was then performed to study the role of phosphorylated residues/clusters in receptor signaling, desensitization, and trafficking.
EXPERIMENTAL PROCEDURES
Materials-Oligonucleotides were synthesized by Sigma Genosys. Restriction enzymes were purchased from New England Biolabs (Ozyme, France). Anti-T7 monoclonal antibody was from Merck Millipore. Rabbit anti-p44/42 MAPK and anti-phospho(Thr 202 /Tyr 204 )-p44/42 MAPK antibodies were from Cell Signaling Technology (Ozyme, France). Alexa Fluo 488 goat anti-mouse, rabbit anti-phosphothreonine and monoclonal mouse anti-GFP (mAb3E6) antibodies were from Invitrogen. HRP-coupled goat anti-rabbit IgG and anti-mouse IgG were purchased from Jackson ImmunoResearch. 1DMe ([D-Tyr 1 , (NMe)Phe 3 ]NPFF) (28) was synthesized with an automated peptide synthesizer (model 433A; Applied Biosystems). Pertussis toxin (PTX) and chelerythrin were from Sigma. PLC inhibitor (U73122), calmodulin inhibitor (W7), and ␤-ARK1 inhibitor were from Calbiochem (Merck Millipore). [ 3 H]adenine (26 Ci/mmol) was purchased from GE Healthcare. The NPFF 2 receptor-selective radioligand [ 3 H]EYF (Glu-Tyr-Trp-Ser-Leu-Ala-Ala-Pro-Gln-Arg-Phe-NH 2 ) was tritiated by Tritec (Switzerland) as described (29) . All other reagents were from Sigma or Euromedex (France).
Vector Construction and Site-directed Mutagenesis-T7-rNPPF 2 receptor: PCR was used to amplify a cDNA coding the rat NPFF 2 receptor from a pCDN vector (generous gift from Dr. S. Krief). PCR primers were designed to introduce an AfeI restriction site at the 5Ј end (catataagcgctatgggcaagagatgggactcaaactct) and a stop codon and a XbaI site at the 3Ј end (aatcctctagactaagtctcagtactgttggtagcttctccc) of the amplified fragment. The FIGURE 1. Sequence alignments of human and rat NPFF 2 receptors. A, full sequences. Gray shading indicates sequence similarity between species. Black shading shows all the putative phosphorylation sites. B, alignment of the C-terminal NPFF 2 receptor sequences found to be phosphorylated in SH-SY5Y cells expressing hNPFF 2 -YFP or T7-rNPFF 2 receptors or to be in vitro phosphorylated by GRK2 within the GST-thrombine-hNPFF 2 C-terminus construct. Black shading indicates the phosphorylated sites unambiguously identified by nanoLC-MS/MS except for those specific to rat, which are highlighted with gray shading. Bold italic characters show the trypsin cleavage sites. Small italic capitals correspond to the sequence of the linker plus the first YFP residues fused to the hNPFF 2 receptor C terminus. The positions of alanine substitutions in the different T7-rNPFF 2 mutant receptors are presented. The simplified name of each mutant is in brackets. fragment was then cloned in frame with a T7 peptide tag in pRc/CMV vector. Phosphosites/alanine exchange: site-directed mutations were introduced in the T7-rNPPF 2 sequence by PCR using the QuikChange Lightning site-directed mutagenesis kit (Stratagene, Agilent Technologies Company, France) according to the manufacturer's instructions. The following primers were used: TS372AA (sense, acgcaacctggacataaacgcagctggcctgttggtc; antisense, gaccaacaggccagctgcgtttatgtccaggttgcgt), S382A/S386A (sense, gtccatgaacctgcagctcaaaacccagctggggaaaacttgg; antisense, ccaagttttccccagctgggttttgagctgcaggttcatggac), S395A (sense, tggggaaaacttgggatgtagaaaagctgcagacaatccc; antisense, gggattgtctgcagcttttctacatcccaagttttcccca), ST414AA (sense, aaacgggagaagctaccaacgctgctgagacttagtctagaggg; antisense, ccctctagactaagtctcagcagcgttggtagcttctcccgttt), and TNST412ANAA (sense, aaacgggagaagctgccaacgctgcagagacttagtctag; antisense, ctagactaagtctctgcagcgttggcagcttctcccgttt). For the GST-hNPFF 2 C terminus construct, PCR was used to amplify a cDNA coding the last 85 amino acids of the C terminus of the human NPFF 2 receptor. PCR primers were designed to introduce a BamHI restriction site at the 5Ј end (cgcggatccttcaacgagaacttc) and a stop codon and an EcoRI site at the 3Ј end (ggaattcttaaatctcactgctgttag) of the amplified fragment. The fragment was then cloned in frame with GST followed by a thrombin cleavage site in the pGEX2T vector (GE Healthcare). All constructs were verified by sequencing (Millegen, Toulouse, France).
Cell Culture and Transfection-Human neuroblastoma SH-SY5Y cells were grown in Dulbecco's modified Eagle's medium (4.5 g/liter glucose, GlutaMAX) containing 10% FCS and 50 g/ml gentamicin (all from Invitrogen), in a 37°C humidified atmosphere containing 5% CO 2 . All stable cDNA transfections were performed according to the manufacturer's instruction using FuGENE 6 (Roche Diagnostics). After transfection of WT or mutant T7-rNPFF 2 receptors, 500 g/ml G418 (Invitrogen) was added to the culture medium for selection of clones. For SH-SY5Y cells transfected with hNPFF 2 -YFP receptor (30), 5 g/ml blasticidin (Cayla, Invivogen, France) was added to the culture medium. All cells were used undifferentiated.
Binding and cAMP Measurement Assays-SH-SY5Y cells stably expressing WT or mutant T7-rNPFF 2 receptors were characterized by [ 3 H]EYF binding on membrane preparations and by cellular cAMP assays, as described previously (29, 31) .
Receptor Immunoprecipitation-Cells grown to 80% confluence in 140-mm culture dishes were incubated in medium containing 0.5% FCS for 2 h. After a wash in Krebs-Ringer-HEPES (KRH) buffer (124 mM NaCl, 5 mM KCl, 1.25 mM MgSO 4 , 1.5 mM CaCl 2 , 1.25 mM KH 2 PO 4 , 25 mM HEPES, 8 mM glucose, 0.5 mg/ml bovine serum albumin, pH 7.4), the cells were incubated with the agonist 1DMe (1 M) in KRH buffer for 30 min at room temperature. They were then scraped directly on ice and centrifuged at 1000 ϫ g for 10 min at 4°C. The pellet was incubated for 1 h at 4°C under gentle agitation in lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.5% Nonidet P-40) containing protease and phosphatase inhibitor mixtures (Complete EDTA-free and PhosphoStop, respectively; Roche Diagnostics). The homogenate was then centrifuged at 20,000 ϫ g for 2 min at 4°C, and the supernatant was collected. hNPFF 2 -YFP receptors were immunoprecipitated by using monoclonal anti-GFP antibodies exactly as described in Ref. 18 . T7-rNPFF 2 receptors were immunoprecipitated by overnight incubation at 4°C with T7 tag agarose beads (EMD Millipore Merck) followed by three washes in 50 mM Tris-HCl, 0.5% Nonidet P-40, 5 mM EDTA. For mass spectrometry analysis, samples were resuspended in 2ϫ Laemmli sample buffer containing 30 mM DTT, boiled for 5 min at 100°C, and alkylated in 90 mM iodoacetamide for 30 min in the dark. For standard Western blots, samples were resuspended in 2ϫ Laemmli sample buffer containing 5% mercaptoethanol and boiled for 5 min at 100°C.
GST-hNPFF 2 C Terminus Purification and in Vitro Phosphorylation-GST fusion proteins were purified using the MicroSpin GST Purification Module (GE Healthcare) according to the manufacturer's instructions. Following induction with 0.2 mM isopropyl ␤-D-thiogalactopyranoside, transformed BL21 E. coli were lysed by sonication in a buffer containing 50 mM Tris, 2 mM EDTA, 0.1% Triton X-100, 1 mg/ml lysozyme, and protease inhibitors (Complete EDTA-free cocktail; Roche Diagnostics). After centrifugation of the lysate, the supernatant was loaded on a Microspin GST column that was washed with PBS, then with PBS with 0.1% Triton X-100, and finally with PBS with 400 mM NaCl. The protein of interest was eluted in 50 mM Tris-HCl, pH 8, containing 10 mM glutathion. The purified fragment (4 g) was submitted to in vitro phosphorylation with GRK2 (0.4 g, a generous gift from Prof. J. Benovic, Thomas Jefferson University, Philadelphia, PA) in a buffer containing 20 mM HEPES, 1 mM DTT, 1 mM EDTA, 5 mM MgCl 2 , and 200 M ATP for 2h at 30°C in a final volume of 20 l. The sample was then prepared for proteomic analysis as described above.
In-gel Tryptic Digestion and NanoLC-MS/MS Analysis-Proteins were separated by SDS-PAGE on 10% polyacrylamide gels. Gels were stained with colloidal Coomassie Blue (17% (w/v) ammonium sulfate, 34% (v/v) methanol, 3% (v/v) orthophosphoric acid, and 0.1% (w/v) Brilliant Blue G-250) for 24 h. Bands corresponding to T7-rNPFF 2 (95 kDa) receptor, hNPFF 2 -YFP receptor (130 kDa) or GST-hNPFF 2 C terminus (36 kDa) were excised and subjected to in-gel tryptic digestion as described previously (18) . The hNPFF 2 -YFP and T7-rNPFF 2 dried peptide extracts obtained were then analyzed by on-line nanoLC using an Ultimate 3000 System (Dionex, Amsterdam, The Netherlands) coupled to an electron transfer dissociation (ETD)-enabled LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific) for an alternative decision treedriven collision-induced dissociation (CID)/ETD fragmentation acquisition (27) . For GST-Thrombin-hNPFF 2 C terminus dried peptide extracts, online nanoLC-MS/MS analyses were performed using an Ultimate 3000 system (Dionex) coupled to an nanospray LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific). The LTQ Orbitrap XL was operated in datadependent acquisition mode with the XCalibur software (version 2.0 SR2; Thermo Fisher Scientific), using a 60-s dynamic exclusion window to prevent repetitive selection of the same peptide. The survey scan MS was performed in the Orbitrap on the 300 -2000 m/z mass range with the resolution set to a value of 60,000 at m/z 400. The five most intense ions per survey scan were selected for MS/MS fragmentation, and the resulting frag-ments were analyzed in the linear trap (parallel mode). The normalized collision energy was set to 35%.
Database Search and Determination of NPFF 2 Receptor Phosphopeptide Abundance Ratio-Peak lists extraction from Xcalibur raw files were automatically performed using Proteome Discoverer software (version 1.4, Thermo Fisher Scientific, France). Parameters were set as previously described (18) with the following modifications. Peak lists were searched against SwissProt and TrEMBL human or rat databases implemented with the YFP-tagged hNPFF 2 , T7-tagged rNPFF 2 , or GST-Thrombin-hNPFF 2 C terminus sequence and using Mascot software (version 2.3.01; Matrix Science). Up to three missed trypsin cleavages were allowed. Mass tolerances in MS and MS/MS were set to 10 ppm and 0.6 Da, respectively, for hNPFF 2 -YFP and T7-rNPFF 2 . For GST-Thrombin-hNPFF 2 C terminus, mass tolerances were set to 10 ppm and 0.8 Da. The phosphorylation site localization of identified phosphopeptides was performed by phosphoRS algorithm 3.1 (32) implemented in Proteome Discoverer. A site localization probability of at least 0.75 was used as the threshold for the phosphoresidue localization. Peak areas were automatically measured from extracted ion chromatograms of each peptide (sum of all observed charge states) in the nanoLC-MS raw file using the label-free module of the in-house developed MFPaQ version 4.0.0 software (33) . To calibrate the amounts of NPFF receptor in the different samples, normalization was performed based on the sum of the extracted ion chromatogram areas of identified NPFF receptor reference peptides (unmodified and unequivocally cleaved peptides, always present in all samples). The reference peptides for the hNPPF 2 -YFP receptor were: 200 TSPV-YWCR 207 in the NPFF2 receptor sequence and 428 GEELFTG-VVPILVELDGDVNGHK 450 , 451 FSVSGEGEGDATYGK 465 , 470 FICTTGK 476 , 565 LEYNYNSHNVYIMADK 580 , 593 HNIEDG-SVQLADHYQQNTPIGDGPVLLPDNHYLSYQSK 630 in the YFP sequence.
Western Blot Analysis of NPFF 2 Receptor and ERK Phosphorylation-Cells expressing WT or mutant T7-rNPFF 2 receptors were grown to 80% confluence in 100-mm culture dishes or in 24-well plate for ERK phosphorylation assay. After 2 h of incubation in medium containing 0.5% FCS, the cells were incubated in KRH buffer containing the agonist 1DMe (1 M) for 2-30 min at room temperature. For the pharmacological inhibitor tests, PTX (100 ng/ml) was applied to the cells for 16 -18 h, the ␤ARK1 inhibitor (50 M) was added during the 2-h incubation in deprived serum, and the PKC inhibitor chelerythrine (10 M) and the calmodulin inhibitor W7 (20 M) were applied together with the agonist. The cells were scraped on ice and processed for T7 immunoprecipitation as described above or directly scrubbed in Laemmli sample buffer for ERK phosphorylation assay. Proteins were separated by SDS-PAGE on 10% polyacrylamide gels and transferred to PVDF membrane for immunoblotting under standard conditions in Tris-buffered saline (20 mM Tris, pH 7.6, 137 mM NaCl) containing 0.2% Tween and 1% BSA for rabbit phosphothreonine antibody (Invitrogen; 1 g/ml) and 5% BSA for the other primary antibodies. Immunoreactivity was revealed with peroxidase-conjugated goat anti-rabbit or anti-mouse IgG antibodies using the Pierce ECL2 Western blotting substrate (Thermo Fisher Scien-tific). X-ray films were scanned using a GS-800 or GS-900 calibrated densitometer (Bio-Rad). Blots were quantified using Quantity One software (Bio-Rad) with total T7-NPFF 2 receptor or total ERK as internal standards.
Calcium Imaging-Measurement of [Ca 2ϩ ] i was performed in perfused WT and mutant receptor expressing SH-SY5Y cells by quantitative photometry using the fluorescent Ca 2ϩ indicator Fluo-4-AM as described previously (31) .
Immunocytochemistry-Cells were seeded on glass coverslips in 24-well plates the day before the experiment. The cells were washed with KRH buffer and incubated for 30 min in KRH (control) or KRH containing 1 M 1DMe at room temperature. The cells were then rinsed three times with ice-cold PBS, fixed, and permeabilized in ice-cold PBS containing 3.7% paraformaldehyde and 0.2% Triton X-100. After three washes, cells were incubated in PBS containing 10% FCS, 2% BSA for 1 h at room temperature, and then incubated with anti-T7 antibody (1/2000) in PBS, 2% FCS overnight at 4°C. After three washes, cells were incubated with Alexa Fluor 488 goat anti-mouse antibodies for 1 h at room temperature in the dark. The cells were washed three more times, mounted in Vectashield medium (Vector Laboratories, AbCys, France), and observed on an Olympus (FV1000) inverted confocal microscope with a 60ϫ/ NA1.4 objective at 488-nm excitation wavelength. Images were processed with ImageJ (National Institutes of Health). Quantification of internalization was performed using Metamorph (Molecular Devices). For each cell, the average fluorescence intensity at the membrane and the average fluorescence intensity of the whole cell were measured. Then for each experiment the internalization level was calculated as follows: 100 Ϫ [((1DMe plasma membrane fluorescence/1DMe total cell fluorescence) ϫ 100)/(control plasma membrane fluorescence/ control total cell fluorescence)].
␤-Arrestin2 Recruitment-Transient transfection of ␤-arres-tin2-GFP (generous gift from Dr. S. Allouche, Université de Caen, Caen, France) was realized by using the Nucleofector technology (Lonza Cologne AG) according to the manufacturer's instructions. After electroporation, the cells were seeded on glass coverslips in 24-well plates. 48 h post-transfection, the cells were incubated in medium containing 0.5% FCS for 2 h. After a wash in KRH buffer, the cells were incubated at room temperature in the presence of the agonist 1DMe (1 M) for 30 min and then fixed, mounted, and observed on an Olympus (FV1000) inverted confocal microscope with a 60-/NA1.4 objective.
Data Analysis-Nonlinear regressions and statistical analyses of the data were performed using Prism 5 (GraphPad Software Inc.) as described in the figure legends.
RESULTS

Mass Spectrometric Analysis of NPFF 2
Receptor Phosphorylation-To characterize the phosphorylation pattern of the human NPFF 2 receptor, we used a stable SH-SY5Y cell line expressing the receptor fused to YFP at its C terminus. The receptor was purified by GFP immunoprecipitation followed by SDS-PAGE for subsequent mass spectrometry analysis. Fig. 2A shows the hNPFF 2 -YFP receptor detected with a GFP antibody after GFP immunoprecipitation (left panel) and a preparative Functional Mapping of NPFF 2 Receptor Phosphorylation DECEMBER 5, 2014 • VOLUME 289 • NUMBER 49
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Coomassie gel used to isolate the immunoprecipitated receptor for nanoLC-MS/MS analysis. Data-dependent decision treebased CID/ETD analyses associated to phosphoRS algorithm calculation were used for more confident localization of phosphorylation sites. The peptides specific to the hNPFF 2 -YFP receptor corresponded to 25 Ϯ 4% of the total MS signal (n ϭ 10). CID gave a coverage of the receptor sequence ranging from 38 to 51%, whereas ETD gave a coverage between 19 and 43%.
To characterize the agonist-induced phosphorylation of the NPFF 2 receptor, cells were treated with or without 1DMe, a stable NPFF analog (28) (1 M) for 30 min at room temperature before receptor isolation and nanoLC-MS/MS analysis. The list of identified phosphorylated peptides together with their unphosphorylated counterparts is given in Table 1 . Except for Thr 157 in the second intracellular loop, all the putative phosphorylation sites (Fig. 1) were covered by the analysis. Phosphorylated residues were detected only in the last part of the receptor C terminus. Examples of spectra obtained with each dissociation mode are given in Fig. 2C .
The first peptide, SHVLINTSNQLVQESTFQNPHGETL-LYR, was sometimes extended by two residues (AK) at its N terminus because of a missed cleavage. It was present in differ-ent forms: unphosphorylated, phosphorylated either on Ser 369 , Thr 375 , or Ser 376 , or finally dually phosphorylated on a combination of those three residues. Agonist treatment increased the abundance of peptides phosphorylated on Thr 375 and/or Ser 376 , whereas that of unphosphorylated or Ser 369 -phosphorylated peptides was decreased ( Table 1 ). This indicates that basal phosphorylation of Ser 369 is not regulated by the agonist, whereas receptor activation induces the phosphorylation of the 375 TS 376 doublet.
Data concerning the last receptor fragment (fused to the first residues of YFP), KSAEKPQQELVMEELKETTNSSEIESAM-VSK, were more difficult to interpret. Trypsin digestion was not fully efficient, giving rise to peptides of various sizes with up to three missed cleavages ( Table 1) . Among these peptides, only two phosphorylation sites could be reproducibly identified: Ser 398 and Ser 418 . Unexpectedly, agonist treatment induced a strong decrease in the abundance of all peptides, independently of their phosphorylation status (Table 1 ). One hypothesis is that additional modifications occur in this region upon agonist treatment, leading to peptides no longer detectable using our technique. New database searches considering variable ubiquitinated lysine modification did not reveal the presence of this 
receptor peptides, their unphosphorylated counterparts identified by nanoLC-MS/MS in SH-SY5Y cells, and the peptides found to be phosphorylated in vitro by GRK2 within the GST-thrombin-hNPFF 2 C terminus construct
Phosphorylation sites are in bold and underlined, with parentheses pointing out ambiguity on the position. Peptides were quantified using the label-free module implemented in the MFPaQ v4.0 software, and their amounts were calibrated in each sample, based on the NPFF receptor reference peptides described under "Experimental Procedures." The peptide ratio 1DMe/control corresponds to the ratio of the calibrated pairwise peak intensities from agonist over buffer-treated cells and are expressed as means Ϯ S.E. (n) indicates how many times the peptide was identified over five experiments. In the case where a peptide identified in one condition was not identified in the other one, a value corresponding to the peak area of the peptides of the lowest abundance (5 th percentile) among all the peptides identified in the sample was assigned to the missing data. In vitro phosphorylation data are representative of two independent experiments. MC, missed cleavage; Theo. mass, theoretical mass; Position, amino acid positions in each construct (full-length receptor fused to YFP or receptor C terminus fused to GST). kind of post-translational modification in the hNPFF 2 receptor C terminus. Alternatively, a strong heterogeneous polyphosphorylation could produce a large number of differentially phosphorylated peptides, each of them falling below the detection limit of our analysis. By using the GPS software (34) to predict putative kinase consensus sites on the hNPFF 2 receptor, we found a high score for GRK2 at the TTNSS cluster. This was further confirmed by in vitro phosphorylation experiments with the purified kinase. GRK2 and the receptor C terminus (last 85 amino acids) fused to GST were mixed for 2 h in the presence of ATP, and the receptor fragment was then isolated by SDS-PAGE (Fig. 2B) . The trypsin digest was analyzed by nanoLC-MS/MS similarly to the full size receptor. The list of the identified phosphorylated peptides is given in Table 1 . As predicted by the consensus sequence search, GRK2 phosphorylation was restricted to the TTNSS cluster. Peptides bearing a single phosphorylation on Thr 414 , Thr 415 , Ser 417 , or Ser 418 and a dual phosphorylation on Thr 415 and Ser 417 or Ser 418 were identified, confirming our suspicion of a possible heterogeneous polyphosphorylation in this cluster.
Theo. mass MC Positions
Taken together, these MS/MS analyses identified phosphorylation sites only in the C-terminal tail of the hNPFF 2 receptor. Except for Ser 369 , all of these residues are conserved between human and rat (Fig. 1B) . Therefore, in the second part of the study, these amino acids were mutated to alanine in the rat NPFF 2 receptor to evaluate their function in the regulation of receptor signaling and trafficking (Fig. 1B) . Thr 372 and Ser 373 (corresponding to Thr 375 and Ser 376 in human) were mutated in the TS372AA construct (called 372 in the simplified nomenclature). Ser 395 (Ser 398 in human) was substituted in the S395A mutant (395). Ser 414 and Thr 415 (Ser 417 and Thr 418 in human) were replaced by alanine in the ST414AA construct (414), whereas the whole TNST cluster was replaced in the TNST412ANAA mutant (412). Finally, two residues, Ser 382 and Ser 386 , absent from the human sequence but suspected to be phosphorylated in preliminary MS experiments on the rat receptor, were also substituted by alanine in the S382A/S386A double mutant (382).
Western Blot Analysis of the Rat NPFF 2 Receptor Phosphorylation on Threonines-Before studying the role of each set of phosphorylated residues, we used a second approach to monitor the rat receptor phosphorylation. Cells were treated with or without 1 M 1DMe, and receptors were immunoprecipitated using anti-T7 tag antibodies. Serine residue phosphorylation could not be studied because of the lack of efficient antibodies. In contrast, we identified an anti-phosphothreonine antibody (Invitrogen), which detected a strong increase in receptor phosphorylation after 1DMe treatment (Fig. 3A) . Phosphorylation was maximal after 20 min of treatment and was then stable for at least 1 h (data not shown). It was partly inhibited in cells that had been treated overnight with PTX, indicating that the activation of heterotrimeric G i/o proteins by the receptor was necessary for its optimal phosphorylation. Receptor phosphorylation was also strongly reduced by a GRK2 inhibitor (␤ARK1i), confirming our in vitro MS data, which suggested that the receptor could be a GRK2 substrate. On the contrary, 1DMeinduced phosphorylation was unaffected or tended to increase in the presence of W7 or chelerythrin, respectively, ruling out the involvement of calmodulin kinase or PKC isoforms in this process. Finally, after normalization to the total amount of immunoprecipitated receptors, threonine phosphorylation following activation appeared to be strongly reduced in all threonine mutants, namely 372, 414, and 412 mutant receptors (Fig.  3B ). This confirms that, as suggested by MS analysis of the human receptor, agonist treatment induces the phosphorylation of three conserved threonines in the rat NPFF 2 receptor: Thr 372 in the 372 TS 373 doublet and Thr 412 and Thr 415 in the 412 TNST 415 cluster.
The Loss of Phosphorylation Sites Has a Minor Impact on NPFF 2 Receptor Acute Signaling-Saturation binding experiments using [ 3 H]EYF on membrane preparations from stable SH-SY5Y cell lines expressing WT or mutant rNPFF 2 receptors revealed that removal of phosphorylation sites does not affect receptor affinity for the agonist except for mutant 372, which showed a small but significant 2-fold decrease in K d ( Table 2) . Expression levels of the various constructs were in the picomolar range (from 1.5 to 13.2 pmol/mg of membrane proteins). cAMP assays were then performed as a first test of the signaling properties of mutant receptors (Fig. 4) . All receptors were able to fully inhibit forskolin-induced cAMP accumulation. 1DMe inhibited cAMP production with a similar high potency in cells expressing mutant receptors except for the 382 mutant, which showed a small but significant 4-fold reduction in agonist potency. We then studied ERK activation to investigate another pathway located more downstream of NPFF 2 receptor signaling. As shown in Fig. 5 , treatment of SH-SY5Y cells expressing WT receptors with 1 M 1DMe for up to 30 min induced a sustained increase in ERK1 and ERK2 phosphorylation. Pretreating the cells with PTX (100 ng/ml) for 18 h fully inhibited the effect of 1DMe, indicating that G i/o protein activity is required to promote ERK phosphorylation, even at late time points (Fig. 5B) . Compared with the WT receptor, mutants did not show any significant difference in their ability to induce ERK phosphorylation at any time point (two-way analysis of variance followed by Bonferroni post hoc tests). Although experimental variability might have prevented us from detecting subtle changes, this result suggests that phosphorylation of the mutated residues is not involved in the regulation of NPFF 2dependent ERK signaling. Overall these results show that no individual phosphorylation site/cluster is mandatory for G i/odependent NPFF 2 receptor signaling.
Role of Phosphorylation Sites in NPFF 2
Receptor Desensitization-The ability of NPFF 2 receptor activation to induce intracellular calcium release was used to study acute receptor desensitization. Treatment of cells expressing the WT rat NPFF 2 receptor with 1 M 1DMe induced a strong increase in intracytoplasmic calcium ([Ca 2ϩ ] i ), as measured using the Fluo4-AM fluorescent probe. This effect was sensitive to PTX pretreatment (data not shown). Calcium levels progressively decreased over the course of 1DMe perfusion, going back to baseline levels after 5 min (Fig. 6A) . This decrease was for most part due to homologous desensitization because cells were still responsive to the muscarinic agonist carbachol after 3 and 5 min of 1DMe perfusion (data not shown). The desensitization profile was different between WT and several mutant receptors (Fig. 6A) . To quantify the desensitization properties of the WT and mutant receptors, we determined the amount of [Ca 2ϩ ] i signal remaining after 2.5 and 5 min of 1DMe perfusion (Fig. 6 , B and C, respectively). The 372 mutant showed a slower desensitization, with a decrease in response that was significantly different from WT after 2.5 but not 5 min of treatment. The desensitization of the 414 and 412 mutants was also impaired, with a [Ca 2ϩ ] i signal remaining ϳ50% above basal values after 5 min of 1DMe perfusion. To confirm these results, we used a different desensitization paradigm based on two stimulations with 1DMe for 1 min, separated by 10 min of washing. In cells expressing WT receptors, 1DMe lost ϳ85% of its maximal effect between the two stimulations ( Fig. 6D) . In contrast, carbachol was still active (data not shown), indicating again that we were monitoring homologous desensitization. Among all modified receptors, only the 414 and 412 mutants conserved an activity significantly higher than that of the WT in response to the second 1DMe treatment. Overall these data identified the 372 TS 373 and 412 TNST 415 phosphorylation clusters as being involved in acute NPFF 2 receptor desensitization, with Ser 414 and Thr 415 playing the major role.
Role of Phosphorylation Sites in NPFF 2 Receptor Internalization-We next studied WT and mutant NPFF 2 receptor internalization following exposure to 1 M 1DMe for 30 min. As shown in Fig. 7, 1DMe treatment induced a strong internaliza- DECEMBER 5, 2014 • VOLUME 289 • NUMBER 49 tion of the WT receptor, which tended to disappear from the plasma membrane and was found in intracellular vesicles after 30 min (46% decrease in normalized membrane level). This effect was significantly inhibited by PTX pretreatment (63% inhibition), indicating that G i/o protein activation also contributed to receptor trafficking, in addition to receptor phosphorylation. All mutant receptors showed a trend for a lower level of internalization after 30 min of 1DMe. However, the impairment was only significant for mutant receptors 395 (74% inhibition), 414 (72%) and 412 (78%) (Fig. 7) . The 412 TNST 415 cluster thus appears to be important for both desensitization and internalization. In contrast, the 372 TS 373 doublet contributes to desensitization without playing a major role in internalization, whereas Ser 395 phosphorylation is only necessary for efficient internalization.
Functional Mapping of NPFF 2 Receptor Phosphorylation
The phosphorylation of GPCR C terminus contributes to internalization through the recruitment of ␤-arrestins. We thus monitored this recruitment by transiently transfecting ␤-arres-tin2-GFP in our cells. GFP fluorescence was homogeneously distributed in the cytoplasm in control cells (Fig. 8 ). Activation of WT receptors induced a strong clustering of ␤-arrestin2-GFP, resulting in the detection of numerous intracellular fluorescent punctae after 30 min of 1DMe treatment. ␤-Arrestin2 recruitment was also evident in mutant receptors. However, in cells expressing the internalization-deficient mutant receptors 395 and 414, ␤-arrestin2 fluorescence was present at the plasma membrane in addition to intracellular vesicles ( Fig. 8) , indicating that although it is recruited, the protein is less efficient in promoting internalization.
DISCUSSION
In this study, we combined mass spectrometric analysis and site-directed mutagenesis to analyze for the first time the phosphorylation pattern of the human and rat NPFF 2 receptors and the role of the various phosphorylation sites in rat receptor signaling, desensitization, and trafficking in a SH-SY5Y model cell line. More precisely, we identified the major, likely GRKdependent, phosphorylation cluster responsible for acute desensitization: 412 TNST 415 at the end of the C terminus of the receptor. In addition, our study is the first to fully characterize rat receptor signaling.
In our cell model, NPFF 2 receptors appear to couple to PTXsensitive G i/o proteins to inhibit adenylyl cyclase, induce intracellular calcium release, and activate ERK1/2. Negative coupling to adenylyl cyclase is consistent with what has been described for human and mouse receptors (35, 36) . However, the potency of 1DMe is increased by more than 1 order of magnitude in the rat species. ERK activation by NPFF 2 receptors has been demonstrated previously in rat and human cell lines that were shown to endogenously express the receptor (14, 37, 38) .
Here we confirm the specificity of this effect by using recombinant cells. We also show that ERK activation by 1DMe lasts for at least 30 min. Similarly to several other G i/o -coupled receptors (39) , ERK activation appears to be PTX-sensitive and thus fully dependent on G protein activation. The involvement of ␤-arrestins in the late phase of ERK phosphorylation remains to be tested. Finally, to the best of our knowledge, our study is the first one to demonstrate a direct effect of NPFF 2 receptor activation on intracellular calcium release without the need for concomitant activation of a G q -coupled receptor (31). A mass spectrometry strategy was used to map the phosphorylated residues in the human and rat NPFF 2 receptors. The high sequence coverage obtained with the human receptor enabled us to study all the putative phosphorylation sites, except Thr 157 in the second intracellular loop. Because Western blot data showed that threonine phosphorylation is strongly reduced by mutation of Thr 372 , Thr 412 , and Thr 415 to alanine, we can assume that Thr 157 is not phosphorylated. We can thus conclude that among 19 putative phosphorylation sites in the human receptor intracellular domain, only eight residues, located in the C-terminal part, can be phosphorylated either in the basal state or after agonist treatment. Six residues are conserved in the rat (and also the mouse) sequence (Fig. 2) : Thr 372 (375 in human), Ser 373 (376), Ser 395 (398), Thr 412 (415), Ser 414 (417), and Thr 415 (Ser 418 ). Intriguingly, although these conserved phosphorylation sites represent the best candidates for mediating NPFF 2 receptor regulation, species specific sites were also identified in human (Ser 369 ) and rat (Ser 382 and Ser 386 ). The rat-specific residues did not play a significant role in receptor desensitization and internalization, but as discussed above, they might contribute to subtle species differences in G protein coupling. Once phosphorylation sites are identified, an important question is whether these modifications are present in the basal state or result from receptor activation. Label-free relative quantification of the MS data clearly indicated that the phosphorylation of Thr 375 and Ser 376 is increased in the human receptor after 1DMe treatment. Unfortunately, technical limitations did not allow us to confidently quantify the effect of agonist treatment on the remaining four conserved residues. However, in vitro experiments using purified GRK2 and the human NPFF 2 receptor C terminus fused to GST suggested that the 414 -418 cluster is a GRK substrate, in agreement with the presence of acidic amino acid in both the N and C termini of this region (40) . Taken together our MS data support the agonist-induced phosphorylation of the 414 TTNSS 418 by GRK2 and of the 375 TS 376 doublet by an unknown kinase in the human NPFF 2 receptor.
Agonist-induced phosphorylation of these two loci was confirmed in the rat sequence using anti-phosphothreonine antibodies. Mutating Thr 372 , Thr 412 , and/or Thr 415 to alanine strongly reduced the amount of phosphothreonine after 1DMe treatment. In agreement with the in vitro data, part of this phosphorylation was prevented in the presence of a GRK2 inhibitor. We also showed by using PTX that G protein activation contributed to agonist induced phosphorylation. GPS analysis (34) of the sequence surrounding Thr 372 revealed that the best candidates to phosphorylate this residue were PKC and calmodulin kinase. However, the calmodulin inhibitor W7 and the PKC inhibitor chelerythrin did not reduce phosphorylation of receptor threonines. On the contrary, chelerythrin tended to increase it, maybe by counteracting the inhibitory effect of PKC on a kinase responsible for receptor phosphorylation. Because PKC is known to inhibit GRK5 activity (41) , the latter could thus be suspected to phosphorylate the 372 TS 373 doublet. Therefore, GRKs could mediate agonist-induced phosphorylation of both the 372 TS 373 doublet and the 412 TNST 415 cluster. G protein activation could contribute to this effect via the G␣ subunit for GRK5/6 (42) and the G␤␥ subunits in the case of GRK2/3 (43) . siRNA knockdown of each GRK subtype should be combined with the analysis of the phosphorylation of individual threonine mutants to confirm these hypothesis.
The removal of individual conserved phosphorylation sites did not strongly affect NPFF 2 receptor signaling. Most mutant receptors remained able to activate G i/o -dependent signaling pathways with equivalent potency, indicating that NPFF 2 receptor phosphorylation is mainly involved in receptor regulation following G protein activation. However, the 382 mutant showed a 4-fold decrease in potency in the cAMP assay. This suggests that the phosphorylation of Ser 386 , present only in the rat sequence, could be in part responsible for the increase in potency observed for the rat receptor compared with its human and mouse counterparts, as mentioned above. One might also suggest that the lower potency of the 382 mutant is due to its lower expression level. However, this explanation appears unlikely because the B max of the 412 mutant is also more than 2-fold lower than that of the WT, whereas its potency is not lower, demonstrating that there is no correlation between EC 50 and B max in the cAMP assay under our experimental conditions. Two agonist-regulated phosphorylation loci were found implicated in acute receptor desensitization. Mutation of the 372 TS 373 doublet significantly slowed down desensitization. However, the main phosphorylation site responsible for receptor desensitization appears to be the 412 TNST 415 cluster at the extreme C terminus that we identified as a GRK2 phosphorylation site in vitro. Alanine mutation within this cluster had a strong impact on desensitization, similar for the 412 and 414 mutants, suggesting that the principal residues responsible for homologous desensitization of the NPFF 2 receptor are Ser 414 and Thr 415 . Again, the observed changes cannot be attributed to changes in expression level because they are similar for the two mutants, whereas their B max are twice lower (412) and twice higher (414) than that of the WT receptor.
Agonist-induced receptor internalization was affected by alanine mutation of some sites or clusters, but there was no direct correlation between the behavior of a given mutant in terms of desensitization and of internalization. The 412 TNST 415 cluster played a major role in both events, whereas FIGURE 8. 1DMe-induced ␤-arrestin2 recruitment. Representative confocal images of ␤-arrestin2-GFP distribution. Cells expressing WT or mutant NPFF 2 receptors were transiently transfected with ␤-arrestin2-GFP and treated 48 h post-transfection with 1 M 1DMe for 30 min at room temperature before formaldehyde fixation and imaging of the GFP fluorescence. Confocal images were taken with a laser scanner confocal microscope as described under "Experimental Procedures." preventing phosphorylation of the 372 TS 373 doublet had a significant effect on desensitization but did not significantly affect internalization. On the contrary, the S395A mutant desensitized normally but showed impaired internalization. This is in agreement with previous data showing that residues involved in GPCR desensitization and internalization do not strictly overlap (44 -47) . Thus in contrast with desensitization, which depends on the phosphorylation of a particular cluster, our data confirm the lack of a "master" phosphorylation event (48) sufficient to trigger GPCR internalization. The case of the mu opioid receptor offers a good illustration of this concept. The main desensitizing event is the phosphorylation of a single residue, Ser 375 located in a STANT phosphorylation cluster near the end of the receptor C terminus. However, this modification is necessary but not sufficient to induce internalization. Agonists such as morphine, which induce Ser 375 phosphorylation but do not efficiently trigger the phosphorylation of additional residues in the C terminus, produce desensitization without significant internalization (49) . As previously shown for the human receptor (2, 18) , we show here that the rat NPFF 2 receptor activation induces the recruitment of ␤-arrestin2. The interaction of arrestin with GPCR depends in part on phosphorylated residues in the C terminus making individual contacts with the scaffolding protein, each contributing to the stability and the conformation of the complex (24, 50) . It is thus probable that each of our mutants, despite having retained the ability to recruit ␤-arrestin2, interacts with the scaffolding protein with lower affinity, thus reducing the efficiency of the internalization process.
In conclusion, the present work identified the phosphorylation pattern of NPFF 2 receptors. Further characterization of the residues involved in desensitization ( 412 TNST 415 cluster and 372 TS 373 doublet) and internalization ( 412 TNST 415 cluster and Ser 395 ) of the receptor indicated that these two regulatory processes do not rely on strictly overlapping post-translational modifications. Finally, Ser 414 and Thr 415 appear to be the best candidates to develop phospho-specific antibodies to detect activated NPFF 2 receptors.
